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Transport  paths  for inhibitor  release  within  a model  strontium  chromate  (SrCrO4) inhibited/epoxy  primer
have  been  studied  using  a combination  of  tomography  techniques.  It has  been  found  that  the  SrCrO4 par-
ticles  form  independent  clusters  within  the  model  primer.  The  clusters  have  a range  of fractal  dimensions
with  the largest  clusters  (a few  hundred  microns  in size)  having  a fractal  dimension  of  2.36.  Leaching  of
the  SrCrO4 from  the primer  appears  to be  initially  through  direct  dissolution  of  particles  in contact  with
the  electrolyte  but changes  to diffusion  through  void  pathways  created  by dissolution  of  the  SrCrO4 phase.
No  evidence  was  found  for the  diffusion  of chromate  ions through  the  epoxy.  Transport  through  such
clusters  does not  follow  Fickian  diffusion,  which  has  traditionally  been  employed  to  describe  inhibitor
release  dynamics.  Release  kinetics  typically  follow  a  tm behaviour  where  t is  time  and  m  is an  index  which
would  be  0.5  for  Fickian  diffusion.  Thus  the overall  release  with  time  will  evolve,  being  initially  the  resultiffusion
hromate
of  direct  dissolution,  then  at intermediate  times,  be dominated  by  transport  through  the  fractal  network
and  at the  ﬁnal  stage  go  to  zero  since  all the  strontium  chromate  will  be  dissolved  from  the cluster
connected  to the  surface.  Clusters  not connected  to  the  surface  remain  undissolved  and  form  additional
reservoirs  for further  release  in when  local  damage  occurs  in  their  vicinity.  This new  model  of  inhibitor
transport  creates  new  strategies  for the  development  of  self-healing  properties  for coatings.
© 2014  The  Authors.  Published  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license. Introduction
Porous structures through which material is transported are
ncountered extensively in nature. Natural porous structures that
re currently of great interest include rocks such as shales for
he extraction of oil and gas resources [1–5]. Equally, man-made
orous materials are used in a wide range of applications [6]
nd the development of porous networks within these materials
rovides opportunities for designing structures using freeze-cast
pproaches [7] and biomimicry for bio [8] and self-healing mate-
ials [9] applications. Our understanding of the porous networks
ithin these materials, particularly the level of connectivity and
he onset of percolation (the percolation threshold), is growing
∗ Corresponding author. Tel.: +61 3 9545 2705; fax: +61 3 9544 1128.
E-mail address: tony.hughes@csiro.au (A.E. Hughes).
ttp://dx.doi.org/10.1016/j.porgcoat.2014.07.001
300-9440/© 2014 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/3.0/).
rapidly through integration of microstructure-based properties
modelling [10] and 3D microstructural characterisation methods
[2,11,12].
Normally paint coatings would be considered to provide only
a barrier function to protect the underlying material from the
external environment. However, there are a range of applications
where a porous structure is required for the ingress of water
and the subsequent egress of a corrosion inhibitor such as in a
primer paint coating. While primers are used extensively, they
are still poorly understood scientiﬁcally, being generally devel-
oped through a phenomenological approach. This is particularly
true of inhibitive primers that contain high levels of solids and are
used in high end applications such as in aerospace applications.
The materials science of these types of coatings is complicated and
presents considerable challenges, not just from a formulation per-
spective, but also for understanding their in-service function and
degradation. Studies of inhibitor leaching from primers generally
nder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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Fig. 1. Release kinetics for chromate (normalised to the total release) obtained using
occur as a result of leaching; these techniques are becoming more
common corrosion [34–36] and paint studies [37,38]. In this paper,
X-ray CT and Serial Block Face Scanning Electron MicroscopyA.E. Hughes et al. / Progress in O
onsider the problem from a classical transport perspective, i.e.
sing a model that involves Fickian diffusion [13] through the poly-
er  matrix where the mean square displacement (〈x2〉) is expected
o be related linearly to time by the diffusion coefﬁcient (D), i.e.:
x2
〉
= Dtn (1)
here if n = 1 then transport will be via Fickian diffusion. How-
ver, other dynamics are also observed and termed “anomalous
iffusion” such as subdiffusion (n < 1) and superdiffusion (n > 1) [14].
In practice, the accumulated released mass of the inhibitor is the
etric that is measured and its behaviour with time tends to be
omplicated [15–20]. In leaching experiments the mass of material
hat is released follows an equation of the form:
inhib = kDeff tm (2)
here Minhib is the mass of the inhibitor that is released, k is a con-
tant, Deff is the effective diffusion coefﬁcient and m is the index
nd equal to 0.5 for Fickian diffusion [19] (this equation is similar
o that of Prosek and Thierry [16]). Deff is used here as an empir-
cal quantity because in the release experiment, effects such as
or example direct dissolution or boundary conditions may  modify
he release kinetics. Prosek and Thierry [16] observed three differ-
nt behaviours as a function of time for the release of chromate
CrO42−) inhibitor from polyester coatings. The initial release was
rom inhibitor particles at or near the surface. The second stage was
 consequence of the penetration of water into the coating and its
eaction with a larger number (increased surface area) of inhibitor
articles thereby maintaining a high level of release. The third was
here a steady state was obtained between dissolution and trans-
ort through the coating which followed a logarithmic behaviour
16]. Hughes and co-workers showed that m varied considerably
bserving release behaviours from t0.25 to t for a range of differ-
nt primers [17,19,21]. These behaviours appeared independent
f the complexity of the primer, i.e. whether it was commercially
including others phases) or laboratory formulated (model systems
ncorporating only an inhibitor phase).
Attempts to explain leaching behaviour employ various models
f the structure and processes occurring within the primer dur-
ng leaching, and often expect that the release will follow a tn
ehaviour. The simplest models assume a homogeneous medium
hrough which the dissolved inhibitor diffuses, whereas more
omplex models involve the structures, chemistry and transport
rocess. Some models include chemical reactions at the surface of
nhibitor particles [19]. Others have sources (inhibitor particles)
nd sinks (second phase materials, e.g. ﬁllers, extenders) within the
rimer [22]. Kim et al. [23] reviewed a number of different leach-
ng models for radionuclides from nuclear storage materials and
ound that the shrinking core model (diffusion controlled disso-
ution kinetics) best described the behaviour of homogeneously
ispersed radionuclides from a matrix. Jenkins and Miller [20]
ncorporated a shrinking core model into an analytical solution
o the transport equations that describe the release of chromate
rom an epoxy-based primer and they were able to reproduce the
bserved release proﬁles. The assumption behind work was  that
he epoxy was a porous medium with pores larger than the size of
he diffusing species (they quoted a pore size > 0.1 m).  However,
ositron annihilation lifetime spectroscopy (PALS) studies show
hat the pore diameter for the free volume in water-saturated epoxy
s only 5.5 A˚ [24], which is of a similar size to the dichromate ion and
uch less than 0.1 m.  Thus, there remains a need to reconcile the
ifferent size scales required for the modelling to provide a real-
stic explanation of the experimentally determined leach rates. At
his point it is also worth noting that there are different void spaces
iscussed in the literature. PALS studies [18,24–27] often use the
erm void space to describe the free volume that exists within the
olymer network whereas other workers talk about voids whichradiotracer techniques after reference [25]. Guide curves for a range of behaviours
are also included with Fickian diffusion (n = 0.5) and t0.25 and t representing limiting
behaviour that has been observed experimentally.
effectively are generally microscopic (but can be smaller) capillar-
ies or defects within coatings that represent rapid transport paths
from the exterior to the interior [28,29]. In this paper we will use
the term free volume to describe intermolecular volumes within
the polymer and void to describe microcapillaries and related vol-
umes as well as voids created by the dissolution of the inhibitor
particles.
Recently, some of the present authors reported the chromate
release behaviour for a model epoxy-based primer similar to the
one used in this study [24]. The release proﬁle (Fig. 1) changes
considerably with time, being initially rapid then slowing. Water
uptake in this epoxy is rapid, as determined by a variety of tech-
niques [18,30–32]; thus, the epoxy is saturated from an early stage
(within hours). Chromate release is observed within 5 min  suggest-
ing that direct dissolution plays an important role [18]. However,
chromate was not detected at any signiﬁcant level in the epoxy
resin which was  attributed to the chromate ion being too large
(∼5.0 A˚) to diffuse through the epoxy voids (∼5.5 A˚) [24]. Because
of the low levels of chromate observed in the epoxy matrix it
was suggested that chromate transport might result from a mixed
mode that combines short diffusion paths through the epoxy and
diffusion through the electrolyte that ﬁlled the voids left by dis-
solved chromate particles. An unanswered question in that study
and in the Jenkins and Miller study [20] relates to the level of
connectedness1 between the inhibitor particles, since if they are
dissolved then a connected porous network could replace them.
This network would become ﬁlled with electrolyte, providing an
alternative pathway for the transport of the inhibitor from within
the primer to the external electrolyte. Previous work by the authors
demonstrated the presence of clusters of particles, but provided no
evidence for preferential dissolution of the network [33]. Clearly
more information is required on the primer structure and, there-
fore, the transport paths through these types of systems.
Computed tomography (CT) techniques offer an alternative
approach to understanding microstructural developments that1 The term connectedness is used here instead of connectivity. Connectivity has
a  very speciﬁc meaning in this context and refers to the numbers of connections
between one object and others that need to be severed to isolate that object.
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SBFSEM), which is an SEM-based sectioning technique [39,40], are
mployed to investigate the 3D distribution of inhibitor particles
n a model aerospace primer (SrCrO4/epoxy-polyamine resin). The
-ray CT studies were performed on the same volume of material
rior to and after exposure to 0.1 M NaCl electrolyte to examine
he development of the porous network created by dissolution of
nhibitor particles.
. Experimental
.1. Materials
Epikote® 828 (Resolution Performance Product) is a medium
iscosity liquid epoxy resin produced from bisphenol A and
pichlorohydrin. Hardener 92133 was supplied by Akzo Nobel
erospace Coating (ANAC). SrCrO4 was obtained from Akzo-Nobel
NAC. The leaching experiments for the data in Fig. 1 have been
escribed previously [24].
.2. Sample preparation
Samples were prepared by adding the strontium chromate
nhibitor (SrCrO4) to the Epikote® 828. The primary objective was
ot to design a fully formulated primer, but to make a simple model
aint. SrCrO4 (0.5 g) was added to the Epikote (1 g) followed by
ardener 92133 (2.2 ml). The constituents were mixed and then
llowed to stand (5–10 min) at room temperature to thicken, and
hen coated onto glass microscope slides, resulting in an approxi-
ately 100 m thick ﬁlm. Films were left to dry overnight at room
emperature and then cured at 40 ◦C for 7 days. A slither of the
oating was removed from this ﬁlm for tomographic analysis.
For the leaching experiment the sample was immersed in the
.1 M NaCl solution, prepared from analytical reagents, for 20 min
t room temperature. The sample was then allowed to dry prior to
-ray CT examination.
.3. X-ray CT studies
The X-ray CT projection images were acquired at room tem-
erature and ambient pressure at the Shanghai Synchrotron
adiation Facility (SSRF) BL13W imaging beam-line. A double-
rystal monochromator was employed to monochromate the white
eam from the wiggler. Projection images were collected at
5.5 keV, with an acquisition time of 2 s for each projection. Images
ere acquired on an Optique Peter X-ray CCD detector which has a
ative pixel size of 7.4 m.  A 10 times optical lens was employed to
chieve an effective pixel size of 0.74 m.  A total of 900 projection
mages was collected with a total sample rotation angle of 180◦. In
ddition, dark-current images were obtained at the beginning and
t the end of the scan. In order to compensate temporal variations
f the ﬂat-ﬁeld, after every 50 projection images, the sample was
oved out of the X-ray beam and 2 ﬂat-ﬁelds were acquired.
CT slices were reconstructed from the projection images. First,
ackground corrections were applied using ﬂat-ﬁeld and dark-
urrent images. Next, the normalised images were subject to
aganin’s phase-retrieval, with parameters tuned to optimise the
ignal-to-noise and to minimise the edge enhancement without
oss of resolution [41]. Finally, the slices were reconstructed by
sing the method of ﬁltered back-projection of the parallel X-
ay beam [41]. Any ring artefacts in the slices arising from the
econstruction were subsequently corrected. The reconstructed
T datasets prior and subsequent to electrolyte exposure were
ligned by translation and rotation of slices to maximise the cross-
orrelations between corresponding images. It was  found that LDE
ata in this sample contains considerable amount of imaging noise,
ncluding a large bubble inside the sample and boundary cracksFig. 2. Schematic diagram of the 3View facility showing ultramicrotome and BSE
detector (GATAN, 2006, 3VIEW image).
after electrolyte exposure. Those noisy regions have been elimi-
nated prior to the cluster analysis. LDE volume percentage around
noisy boundary is estimated based on the ratio of polymer and LDE
for the entire sample. The estimated values (0.11% for before and
0.8% for after) were added to volume percentages derived from the
cluster algorithm to obtain the total LDE volume percentages in
the sample. These processed datasets, containing information of
absorption indices were used for further analysis by using the DCM
method [2], in which the constituent material phases were spatially
resolved using an optimised least squares minimisation approach
[2].
2.4. Serial block face scanning electron microscopy
To complement the X-ray CT studies, Serial block face scan-
ning electron microscopy (SBFSEM) [40] was  undertaken using a
3View facility (see Fig. 2) [39]. Preparation of the samples con-
sisted of embedding the cured primer in an epoxy resin, which
was subsequently ultramicrotomed to produce a tip measuring
50 m × 300 m.
This facility implements an environmental scanning electron
microscope (ESEM) operating under low vacuum conditions to pre-
vent charging of the non-conductive coating. The ESEM utilises a
back scattered electron (BSE) detector and an electronically actu-
ated, in situ ultramicrotome to perform automated serial sectioning
of the sample (using a diamond knife) between low energy BSE
scans of the block face. 1000 slices were acquired with a slice
thickness of 54 nm and a pixel size of 55 nm × 55 nm to produce
a 55 m × 55 m × 56 m image.
The resultant image sequence was imported into Fiji [42]
to reconstruct and quantify the connected components of the
inhibitor and porous phases. Visualisation and surface rendering
were also undertaken in Avizo.
2.5. Transmission electron microscopy
The sample was  sectioned dry to prevent further leaching of the
inhibitor using a Leica EM UC6 ultramicrotome (35◦ cutting edge)
and mounted on a TEM Cu grid. The grid was then placed in an FEI
Tecnai F30 STEM at 300 keV and regions containing both leached
and intact strontium chromate particles were located. Energy-
Dispersive X-ray spectroscopy (EDX) was undertaken at various
points across the particles to form a line scan over the epoxy-
particle interface to diffusion of chromate the epoxy matrix.
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F tion. Right: superimposed Cr and Al maps highlighting the depletion zone. The Al results
f um and minimum depletion depths as described in the text.
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Fig. 4. Examples of EDS spectra from the epoxy (white spot in inset) and a strontium
chromate particle (black spot in inset) in an epoxy ﬁlm after immersion in 0.1 M
NaCl for 20 min. Inset show the individual particle form which the spectra wereig. 3. Left: SE image of a cross section of the primer exposed for 7 days to NaCl solu
rom  decoration with polishing debris and Cr is from SrCrO4. Arrows indicate maxim
. Results
.1. Leaching behaviour
The release proﬁle (Fig. 1) of chromate from the model primer
hows an initial rapid release for about 40 h but after 40 h, the
elease is much slower. The initial high release rate has been
ssociated with particles that are at or near the epoxy/solution
nterface where direct dissolution occurs. The longer term low
elease rate is typically associated with solubility phenomena at
he interface of one phase within a second phase through which
he dissolved species must diffuse [43,44]. In this case of chromate
elease it has previously been attributed to dissolution phenomena
t the SrCrO4/epoxy interface such as dissolution/super satura-
ion/precipitation phenomena [19], but this perspective will be
evisited later in this paper.
Obviously, inhibitor release depends on the primer’s internal
tructure and chemistry. The cross sectional micrograph of Fig. 3
learly shows that the dissolution and leaching processes create
 depletion zone extending from the surface into the primer. The
epletion front does not evenly penetrate the primer showing a
onsiderable variation between maximum and minimum penetra-
ion depths. These results are similar to those reported previously
here the depletion depth appeared to reach a limiting value
etween 20 and 55 m after 7 days immersion and the leach rate
ad decreased by 3 to 4 orders of magnitude, indicating that the
mount of material released in the ﬁrst 7 days is close to the total
mount that can be released even though a substantial amount of
rCrO4 remained in the primer [24]. This limitation to the release
f chromate has been reported by Furman et al. [19] who observed
hat most of the chromate that is going to be released is released
ithin the ﬁrst week even if the test is performed over two  years.
The dissolution of SrCrO4 particles creates voids in the epoxy
haracterised by dark holes often with partially bright perime-
ers in SEM (Fig. 3). During polishing used in sample preparation,
hese voids were decorated with aluminium-containing debris
s reported previously [24]. This decoration shows that in some
egions there are undissolved particles (point ) adjacent to regions
here the inhibitor particle dissolution occurs much deeper within
he epoxy (point ). Indeed, at point  there are some examples of
ndissolved SrCrO4 particles “behind” the depletion front. Previ-
usly, it was reported using SEM and EDS that very little, if any,
hromate was present in the epoxy after the leaching experiments
24]. However, in that study, there was some uncertainty about this
onclusion because subsurface particles may  contribute a chromate
ignal even when a particles was not evident in the backscatterobtained. Scale bar is 1 m.  Fe and Co, observed in the spectra, are attributed to X-
rays generated from electrons scattered from the sample that impinge on the pole
piece of the microscope.
image. This uncertainty arises because the Cr K X-rays comes from
deeper within the sample than the backscattered electrons used to
identify the location of the SrCrO4 particles. In this study, to resolve
the issue of whether chromate ions were present in the epoxy, TEM
sections of the sample after immersion were prepared and exam-
ined. ED spectra and linescans across intact SrCrO4 particles the
depletion front and extending into the epoxy revealed that there
was no signiﬁcant concentration of chromate in the epoxy matrix
(Fig. 4). This suggests that the main transport path for the dissolved
chromate is unlikely to be by diffusion through the epoxy. A possi-
ble alternative transport path might be through a series of voids left
by the dissolved SrCrO4 particles but connected by short diffusion
paths of epoxy as proposed previously by some of the authors [24].
A 2D section through the primer, however, does not provide any
insight into the level of connectedness between either the SrCrO4
particles or the voids resulting from their dissolution.
In some cases Al was detected at some sites ahead of the deple-
tion front; this was due to ﬁlling of void space around and within
the SrCrO4 particles. Fig. 5(a) shows a typical SrCrO4 particle prior
to any leaching experiment. These particles appeared faceted and
often cracked meaning that polishing debris can be deposited in
1950 A.E. Hughes et al. / Progress in Organic Coatings 77 (2014) 1946–1956
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mmersion in NaCl.
hese features. After the leaching experiments (Fig. 5(c) and (d)),
he appearance of particles that were not completely dissolved
evealed a rounding of the facets and an increase in the void space
urrounding the particles (Fig. 5(c) and (d)).
.2. Internal 3D structures
X-ray CT and SBFSEM contrast were used to explore the con-
ectedness of the SrCrO4 particles. X-ray analysis of the CT volume
econstructions before (Fig. 6(a) and (c)) and after leaching (Fig. 6(b)
nd (d)). These analyses revealed that the primer contains three
istinguishable regions comprising the epoxy resin (blue), SrCrO4
articles (red) and regions with lower absorption contrast than the
poxy that are considered to be low density epoxy (LDE) in green.
It should be noted that the sample is a long slither of irregular
hape.) There was no evidence from EDS that chromate could dif-
use through the LDE since the pattern of LDE was  not reﬂected in
he Cr X-ray maps, however, it may  be an important transport path
or water and small ions.
While Fig. 6 reveals the 3D distribution of the particles, it
s difﬁcult, visually, to assess the degree of connection between
he particles. To quantify particle connections, a 3D clustering
lgorithm was developed for the voxels (volumetric elements
quivalent to pixels in 2D) of the CT data which form a 3D cubic lat-
ice. It consisted of SrCrO4 binarisation (i.e., converting the voxels
nto values of 1 or 0 for the presence or absence of SrCrO4 respec-
ively) and voxel nearest neighbour labelling i.e., labelling adjacent
oxels as either containing or not containing SrCrO4 [45]. A cluster
s then deﬁned as a group of neighbouring voxels of the same type
f compositions. For a 3D cubic lattice a voxel can have 6, 18 or
6 neighbours as deﬁned by sharing a common face, then adding
ommon edges and ﬁnally adding common corners, respectively.
enerally the 26 next-nearest-neighbour connection is used since
articles that have a common corner (as well as edge and face)particles prior to leaching ((a) and (b)) and after leaching ((c) and (d)) for 7 days
could also have some degree of interaction. Here, the 6-neighbour
rule was  used for calculating the fractal dimensions and the 26-
neighbour rule for calculating cluster statistics (number of clusters
and size distribution). Cluster labelling was performed by assign-
ing the same label to any occupied nearest neighbour voxel. If all
neighbours are unlabelled, then a new cluster was started. For visu-
alisation, cluster labels were converted to colours to distinguish
them during 3D rendering with the largest in blue. Fig. 7 shows the
colour coded clusters for the SrCrO4 before and after leaching, with
the cluster details reported in Table 1. A similar labelling process
was applied to the LDE data to determine individual connected vol-
umes; the statistics for the LDE volumes are listed in Table 1 and
they displayed in Fig. 7. From the colour coding it is evident that
there are many SrCrO4 clusters with a range of sizes, each of which
represents an individual SrCrO4 reservoir. In fact, there are 9000
clusters with the largest cluster (shown in blue) having a volume
of 875393 m3, constituting 3.37% of the total SrCrO4 volume. The
presence of large SrCrO4 clusters means there are connected path-
ways through the epoxy via (a) the SrCrO4 particles themselves and
(b) voids created as a result of particle dissolution during leaching.
The LDE was also analysed using the cluster approach and it was
found that there are large, extended regions of LDE throughout the
epoxy. These LDE regions are not clusters as such since they are
not composed of individual particles; they are separate individual
volumes. An example of different LDE volumes, which have been
colour coded, is presented in Fig. 7(c). These regions within the
epoxy have a larger free volume than the average free volume of the
epoxy (because they have a lower density). These will almost cer-
tainly be preferred transport paths for some species such as water
and smaller ions.The behaviour of connected clusters in a random distribu-
tion has been studied in percolation theory, which focuses on
critical phenomena and scaling laws [46]. For the leaching stud-
ies presented here, the fractal dimension of the clusters is of
A.E. Hughes et al. / Progress in Organic Coatings 77 (2014) 1946–1956 1951
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vig. 6. Tomographic reconstruction of the X-ray adsorption data (a) before and (b) 
ere  identiﬁed: epoxy resin (blue), SrCrO4 particles (red) and low density epoxy
lectrolyte exposure.
nterest since it affects the diffusion behaviour of SrCrO4. From
 theoretical perspective based on percolation theory all clusters
ave a non-integer fractal dimension [46,47]. The fractal dimen-
ion of random-generated percolating clusters at the percolation
hreshold where they form a continuous percolating volume, is
pproximately 2.5 for a three dimensional object [46]. This implies
hat the dependence of mass (M) to length (L) changes from a
ig. 7. Rendered SrCrO4 clusters (top and centre) and LDE volumes (bottom); Left: before
reas  of the largest SrCrO4 cluster. The middle images are from a region of the primer in g
ed  ellipse highlights a region of the large cluster which has into three new clusters in the 
enerally larger after the leaching than before. The red ellipse shows where the light blu
olume in the bottom right image. The LDE volumes are not form the same region as the lectrolyte exposure; note that these are rotated towards the viewer. Three regions
n). Volume sections of reconstructed SrCrO4 (red) slices (c) before and (d) after
Euclidean relation (M  ˛ L3) to a fractal relation (M  ˛ L2.5), i.e. the
average density which is normally M/L3 is now M/L2.5 with a signif-
icant effect on the macroscopic properties as the scale is increased.
Diffusion in such a disordered medium will no longer follow Fick’s
law where the mean square displacement x is proportional to
t0.5. Stauffer and Aharony [46] demonstrated that the diffusion
time dependence for 〈x2〉 in a percolation cluster is between two
. Right: after leaching. The largest cluster is blue. Orange ellipses highlight different
reater magniﬁcation which contains a signiﬁcant amount of the largest cluster. The
SrCrO4 reconstruction on the right. The bottom row shows that the LDE clusters are
e LDE volume has merged with the adjacent blue volume to form the large yellow
SrCrO4 reconstruction.
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Table 1
Statistics for clustered SrCrO4 particles and LDE prior to and after leaching (smallest cluster is 1.22 m3).
Particle State Neighbours Number of
clusters
Largest (m3) Volume % of total
section for the largest
cluster
Volume % of total
SrCrO4 or LDE (+void)
Mean (m3)
SrCrO4 Before 26 9003 875,393 3.37 7.2 207.1
After 26 11,897 18,265 0.07 4.1 87.5
Before 6 10,777 537,420 2.07 7.2 173
After 6 13,358 16,888 0.07 4.1 77.8
LDE  Before 26 33,577 58,752 0.23 6.4 49
After  26 21,878 122,090 0.48 8.9 94.4
Before 6 43,616 32,424 
After  6 26,614 96,327 
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ﬁig. 8. Variation of log (M)  with log (L) for ﬁve largest clusters. The gradient of each
ine is the fractal dimension for the clusters in brackets.
xtremes: t0 (anomalous diffusion below the percolation thresh-
ld) and t0.5 (normal diffusion far above the percolation threshold).
n the current study many clusters are already at the percolation
hreshold since they are connected to the external electrolyte and
o they do not need to meet the theoretical condition of having a
ractal dimension of 2.5. So when a signiﬁcant amount of SrCrO4 has
issolved from the largest clusters, then transport of the remaining
ons through the voids created by the dissolution will not follow
lassical diffusion since they will be diffusing through a void space
ith a fractal dimension rather than an open volume.
The fractal dimension can be determined from the change in
olume (M) as a function of increase in characteristic length (L).
he dependencies of log (M)  on log(L) are depicted in Fig. 8 for the
ve largest clusters and the ﬁve largest volumes of LDE. The fractal0.13 6.4 37.5
0.38 8.9 77.4
dimensions for each of the ﬁve largest SrCrO4 clusters determined
from the gradient of log (M) versus log (L) and was between 2.24
and 2.36 (Fig. 8). Other information about the clusters can also be
obtained from Fig. 8. For example, the maximum linear dimension
of the cluster i.e. the cluster size, can be estimated from the point
where log (M)  ceases to increase as log (L) increases (indicated by
“largest dimension” in Fig. 8). The largest cluster has a characteristic
dimension of ∼300 m in the plane of the ﬁlm (the ﬁlm thick-
ness is 100 m)  and the next four largest clusters are ∼100 m.
For a cluster with homogeneous density it is expected that log (M)
increases linearly with log (L), however the clusters observed here
show considerable deviation from linearity as indicated in Fig. 8.
This is because large parts of the cluster are separated by lower
density regions of SrCrO4 within that cluster (it may  be ﬁlled with
SrCrO4 from other clusters). This is demonstrated in Fig. 7 where
three high SrCrO4 density regions (A, B, C and D) in the largest clus-
ter are separated by low SrCrO4 density regions within the cluster.
They are, however, ﬁlled with SrCrO4 particles from other clus-
ters. The separation of regions containing a high density of SrCrO4
particles within the same cluster by regions from other clusters
also offers an explanation of why SrCrO4 particles can be observed
“behind” the depletion front in Fig. 3. A section, such as that pre-
sented in Fig. 3, may  intersect more than one cluster, but if only
one cluster is a leaching cluster, but is entangled with other, non-
leaching clusters, then SrCrO4 particles will be apparently “behind”
the depletion front, because they belong to a non-leaching cluster.
The fractal dimensions for each of the ﬁve largest volumes of
LDE were determined from the gradient of log (M) versus log (L) in
the same manner as for the SrCrO4 clusters. In this case they were
between 2.1 and 2.37 (Fig. 8(b)). These fractal dimensions are simi-
lar to the ones for the ﬁve largest SrCrO4 clusters which is, perhaps,
not surprising since the LDE reﬂects the residual volume of epoxy
left after the SrCrO4 clusters are taken into account. Moreover, at
around 100 m,  the dimensions of the ﬁve largest volumes of LDE
are similar to the largest SrCrO4 clusters. On the other hand log(M)
appears to increase more smoothly with log(L) than for the clus-
ters suggesting that these features have a more uniform density
and that individual LDE volumes do not interpenetrate each other
to the same extent as the SrCrO4 particles.
3.3. Structural changes on leaching
Leaching experiments were performed by exposure to 0.1 M
NaCl electrolyte for 20 min  (Figs. 6 and 7). After leaching there is
an apparent increase in the amount of green LDE in Fig. 6(b) com-
pared to (a), accompanied by a decrease in the amount of SrCrO4 in
red (Fig. 6(c) compared to (d)). Direct analysis of void development
was not possible since in the DCM process each voxel is given an
average X-ray absorption coefﬁcient consequently, because the X-
ray absorption for the void and LDE are the adsorption coefﬁcient
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fig. 9. Reconstructions of a small volume containing SrCrO4 (yellow) and LDE (blu
here there has been an increase in the LDE component corresponding to the loss o
ssigned to voxels containing the void was the same as the LDE.
owever, the voids could be probed by examining the increase in
he LDE component due to the additional void volume created by
issolved particles (assuming that the LDE remained constant after
he immersion experiment). The increase in void space is can be
een in Fig. 7(f) where a small LDE volume, prior to leaching, ends
p connected to a larger volume in yellow after leaching. It is also
eﬂected in the increase of the largest LDE volume as well as the
otal LDE volume which increase from 6.1% to 8.9% (Table 1).
The amount of void space can also be measured through a
ecrease in the volume of SrCrO4 created as a result of dissolu-
ion. These showed that the dimensions of SrCrO4 clusters were
maller after leaching compared to before leaching as a result of the
evelopment of the void network. The number of SrCrO4 clusters
ncreased due to the complete dissolution of SrCrO4 particles con-
ecting different regions of larger clusters. Further, the maximum
ig. 10. (a) Electron tomography showing SrCrO4 particles (yellow) and associated voids 
rom  below a point of contact to above a point of contact for two  groups of SrCrO4 particl prior to and (b) after exposure to 0.1 M NaCl for 20 min. The red circles highlight
O4.
size of the SrCrO4 clusters was  reduced by a factor of nearly 50.
The bottom of Fig. 7 shows a high magniﬁcation reconstruction of a
particular region of the primer prior to and after leaching with the
red ellipse highlighting some SrCrO4 particles in the largest blue
cluster that underwent dissolution during leaching. The removal
of these connecting particles has meant that the large blue clus-
ter has been divided into smaller clusters. Thus a short exposure
to electrolyte resulted in a signiﬁcant reduction in the amount of
chromate. From Table 1 it can be seen that the volume percent of
SrCrO4 is reduced by over half from 7.2% to 4.1%, a decrease of 3.1%
which is of a similar value to the increase in the LDE of 2.5%.
To demonstrate that the correspondence of the loss of SrCrO4
can be associated to an increase in the LDE component after
leaching a small volume containing both components before and
after leaching is presented in Fig. 9. At a glance, it is clear
that the blue LDE component increases after the exposure to
(blue) created by the dissolution of the SrCrO4 particles; (b) series of slices moving
es; (c) point of contact between particles (pixel size is 55 nm).
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Fig. 11. Tomographic reconstruction of the points of closest contact between the
two  SrCrO4 particles presented in Fig. 10. In the reconstruction the two  particles are
bridged in two  places meaning that if there is epoxy between these particles then
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she thickness is at a scale lower than the resolution of the experiment as explained
or Fig. 10.
he NaCl solution. Part of this change is due to the loss of
rCrO4 particles as highlighted by the red circles where SrCrO4,
resent prior to exposure to the electrolyte, has been dissolved
nd replaced with the LDE component after leaching remem-
ering that the LDE component includes the void created by
article dissolution. While there are other changes in both com-
onents due to small relative changes in the sample structure as
 result of both electrolyte exposure and positioning in the X-ray
eam, the data in Fig. 9 shows that the loss of SrCrO4 particles
esults in an increase of the LDE component. While it was  not
ossible to separate the void from the LDE in this series of exper-
ments, it is expected that using different incident X-ray energies
or the tomography experiments will separate the void from the
ow density epoxy. This is the subject of further work.
Finally, the nature of the connection between different SrCrO4
articles is important for this cluster dissolution model. To explore
his aspect, SBFSEM was used to examine the contact points
etween SrCrO4 particles and (by inference) the nature of the con-
ection between void spaces resulting from particle dissolution.
ig. 10(a) shows a 3D rendering of SrCrO4 particles (yellow) and
oids (blue) created by dissolution. Fig. 10(b) displays a series of
lices from the SBFSEM dataset for a group of SrCrO4 particles. The
rst point of contact is shown at higher magniﬁcation in Fig. 10(c).
hile pixelation limits the resolution, it appears that the parti-
les are separated by only one to two pixels which, at a pixel size
f 55 nm,  represents a distance of 55–110 nm.  Fig. 11 shows a 3D
econstruction of the SrCrO4 particles presented in Fig. 10. The
econstruction shows that the particles are close to each other and
oined by two bridges at the scale of the reconstruction. Below the
cale of the reconstruction the SrCrO4 particles may  be separated
y small volumes of epoxy with very short path lengths between
articles.
. Discussion
Previous studies of SrCrO4 leaching have shown that a front
oves through the epoxy from the surface into the interior [24].
s time increases, the amount of SrCrO4 released diminishes to the
oint where the leach rate is effectively zero. At this point, primer
ections show that the leach front is uneven with a depletion depth Coatings 77 (2014) 1946–1956
between 25 m and 50 m.  This considerable variation in deple-
tion depth can be explained on the basis of a cluster model where
only clusters that are connected to the external surface can be dis-
solved out through the void network created by their dissolution.
The fractal dimension of the largest clusters was  between 2.24 and
2.36. Thus the chromate release proﬁle can be described as follows:
initially, SrCrO4 release is fast due to direct dissolution of SrCrO4 in
contact with the electrolyte, but, as the cluster dissolves, the fractal
nature of the void space created by dissolution of the SrCrO4 clus-
ters will mean that further release will follow a tm behaviour where
m is related to the fractal dimension of the cluster. The value of m
will change with time because the SrCrO4 will initially be released
from the particles in close contact with the external surface, but
after longer times the fractal nature of the dissolved cluster will
begin to dominate the release. Ultimately, most of the chromate
from individual clusters will be dissolved and the release will drop
towards zero. In addition SrCrO4 will originate from a number of
different SrCrO4 clusters so there will be a distribution of fractal
dimensions associated with all the clusters that are connected to
the external surface. Thus, a coating with a range of cluster sizes
and fractal dimensions will display a complicated release behaviour
based on the superposition of a range of fractal structures.
A further implication of this cluster model is that clusters not
connected to the surface do not release any SrCrO4. This means
that some SrCrO4 within the coating is available for release when
defects, such as mechanical damage, are created in the vicinity
of the unconnected cluster. The use of defects to trigger inhibitor
release is a desirable trait for self-healing coatings and the cluster
model of inhibitor particle distribution provides new insight into
self-healing design strategies. This raises the question of whether
the amount of SrCrO4 within a cluster is sufﬁcient to provide pro-
tection to the underlying substrate; this will depend on the defect
size. To determine the defect size that the largest cluster can pro-
tect, the volume of SrCrO4 needs to be converted into moles of
SrCrO4. In this study the largest cluster is 8.75 × 10−7 cc which, with
a SrCrO4 density of 3.895 [48] converts into 3.36 × 10−6 M.  Given
that 10−5 M is a typical minimum concentration that prevents cor-
rosion on AA2024-T3 [49,50] then the largest cluster will provide
a protective dose to approximately 1⁄3 of a cubic centimetre which
equates to a defect with a characteristic dimension of around 7 mm.
In earlier work on transport through epoxy ﬁlms without addi-
tives, Kendig and Leidheiser Jr proposed that the coatings were
heterogeneously penetrated by conducting electrolytes which
ﬁlled pore structures (microcapillaries) within coatings. Work by
Misˇkovic´-Stankovic´ et al. [51] on transport through epoxy ﬁlms
observed internal pore structures that were several microns in
radius as determined by optical microscopy. Some of these pen-
etrated the coating to the underlying metal. These types of coating
characteristics have been the focus of transport in coatings without
additives. In the presence of additives, the critical pigment volume
concentration (CPVC) becomes important because it has an inﬂu-
ence on the transport paths. The CPVC is the pigment volume
concentration (PVC) where there is not enough polymer to coat
all particles. Above the CPVC voids are created within the coating
which are transport paths for water and electrolyte [28] as depicted
in Fig. 10(a). Bierwagen et al. [28] also introduced the concept of
coarseness where, depending on mixing conditions, the PVC may
locally be higher than the CPVC creating a region in the ﬁlm where
voids may  exist. These types of pores were not evident in either the
SEM or CT studies of our model SrCrO4/epoxy system. However,
it is intriguing to note the similarities between the LDE structures
reported in this study and the void space reported by Bierwagen
et al. [28] where the local PVC > CPVC (Fig. 12). In the latter case
the epoxy forms an adsorbed layer on the SrCrO4 particles and ﬁlls
as much of the interstitial space between SrCrO4 particles as pos-
sible, leaving voids within the primer. In the former case, it’s not
A.E. Hughes et al. / Progress in Organic
Fig. 12. (a) local condition where the PVC > CPVC and void space is created. (b)
Situation where void space is not created, but where there have been differential
polymerisation reactions resulting in the development of lower density epoxy path-
ways within the ﬁlm. Given that the LDE has sizes in the micron range, these features
c
c
p
o
m
m
o
c
t
L
w
e
w
l
a
e
v
t
t
c
v
m
d
f
e
w
s
C
l
p
t
t
a
i
b
modelling approach to sandstone microstructure characterisation, J. Petrol. Sci.
Eng. 105 (2013) 76–83.ould form microcapillaries.
lear why the LDE forms. One possibility is that when the inhibitor
articles are mixed into the prepolymer, polymerisation reactions
ccur at preferentially on the surface of the inhibitor particles. This
ay  expel solvent into interstitial volumes that have not poly-
erised creating an effective dilution that results in a lower level
f crosslink creating the LDE. The similarities of the LDE to voids
reated either above the CPVC or at sites of locally high concen-
rations of inhibitor particles raises the question of whether the
DE might develop into microcapillaries after long exposures and
arrants further investigation.
The lower level of crosslinking in the LDE may  lead to a range of
ffects. Madani et al. have used PALS to examine mixes of epoxys
ith different free volumes and found that lower levels of cross
inking can lead to swelling due to uncoiling of polymer that is not
s rigidly crosslinked [27]. This may  open up the interior of the
poxy for the ingress of ions from the electrolyte [29]. Individual
olumes of LDE may  act as microcapillaries providing pathways to
he underlying metal. Given that cations can enter the epoxy from
he external environment it is just as likely that corrosion product
an enter the LDE from the metal/epoxy interface potentially pro-
iding an alternative pathway to the dissolved SrCrO4 clusters for
aterial transport across the epoxy. In this study there was no evi-
ence of preferential transport through the LDE and it is likely that
or clusters connected to the external surface transport through
lectrolyte that ﬁlls the voids left by the dissolved SrCrO4 clusters
ill be preferred. For clusters that are not connected to the external
urface the LDE may  provide an alternative pathway for transport.
learly further investigation of the LDE is warranted particularly at
onger immersion times. One further point to note with the trans-
ort of ions across the primer is that many past studies look at this
ransport for ﬁlms that have no additives [27,51,52]. In this study
he ﬁlm already contains cations and anions in the form of Sr2+nd CrO42− respectively. Thus uptake of ions from the electrolyte
s more likely to be an ion exchange mechanism rather than driven
y the concentration gradient difference between the external and Coatings 77 (2014) 1946–1956 1955
internal concentration of the electrolyte species, so the kinetics may
therefore be different.
Finally, an important parameter in paint formulation is the crit-
ical pigment volume concentration (CPVC), where there is just
sufﬁcient polymer resin to completely coat the solid particles
including inhibitor particles. It is desirable for paint formulations
to be below this limit. However, the cluster model suggests that for
primers there must be sufﬁcient inhibitor so that large, indepen-
dent clusters can be formed. Indeed, this study suggests that there
may  be another important parameter for primer design that has
not previously been considered; a critical cluster size related to the
volume concentration where the cluster size is sufﬁciently large to
provide enough inhibitor for protection of the substrate but not so
large that the primer becomes depleted. From the perspective of
coating design for new inhibitors, this model will be important for
ensuring that the volume of inhibitor particles (cluster size) pro-
vides enough inhibitor to reach the critical inhibitor concentration
to effect corrosion inhibition.
5. Conclusions
CT and serial SEM sectioning techniques were used to deter-
mine the 3D distribution of SrCrO4 particles and an apparent low
density epoxy (LDE) within a model epoxy-polyamine matrix. It
was found that the SrCrO4 particles formed independent clusters
with the largest cluster having a characteristic dimension of around
300 m in size and the next largest around 100 m in size. These
clusters had fractal dimensions of around 2.3. The LDE also formed
independent volumes with a similar fractal dimension to the SrCrO4
particles. These similar fractal dimensions appear to be explained
by the fact that the LDE forms in the volume between SrCrO4 par-
ticles. There was no evidence for transport of Sr2+ or CrO42− ions
through the epoxy including the LDE. The LDE could however, serve
as a transport path for small ions. Instead chromate release was pro-
posed to be initially through direct dissolution of SrCrO4 particles
in contact with the electrolyte at the surface of the epoxy, but at
latter stages through the micro-capillaries left by the dissolution of
the SrCrO4 particles. In this latter stage of release the release kinet-
ics will be dictated by the fractal dimension of the micro-capillary
network let by the dissolution of the SrCrO4 particles. The release
is therefore not Fickian but a complicated mix  of direct dissolution
and transport through the voids left by the dissolution of the SrCrO4
particles and leads to a range of behaviours as a function of time.
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